Background & Aims: We compared the efficacy of transcatheter arterial chemoembolization (TACE) in combination with CT-guided radiofrequency ablation (RFA) with that of surgical resection (SR) in patients with hepatocellular carcinoma (HCC) within the up-to-seven criteria. Methods: From January 2004 to December 2014, 420 multicenter consecutive patients with HCC who conformed to the up-to-seven criteria and initially received either TACE plus CT-guided RFA (TACE-RFA) or SR were enrolled. A matched cohort composed of 206 patients was selected after adjustment with propensity score matching. The overall survival (OS) of each patient was calculated with the Kaplan-Meier method and compared by the log-rank test. Results: The median OS and 1-, 3-, and 5-year survival rates were 56.0 months, 96.1%, 76.7% and 41.3% in the TACE-RFA group and 58.0 months, 96.1%, 86.4% and 46.2% in the SR group, respectively. There was no significant difference in OS between the two groups (P = 0.138). For patients with HCC beyond the Milan criteria, TACE-RFA provided a longer median OS than SR (52.0 vs 45.0 months, P = 0.023). Conclusions: Treatment by TACE-RFA conferred an OS rate comparable with that of SR in patients within the up-to-seven criteria. For patients with HCC between the Milan and the up-to-seven criteria, TACE-RFA might be superior to SR for survival prolongation.
Introduction
Hepatocellular carcinoma (HCC) is the sixth most common cancer and the second most common cause of cancer death in the world [1] . Most HCCs are diagnosed at intermediate or advanced stages, and around 30% of patients with early HCC benefit from curative therapies such as liver transplantation (LT) and surgical resection (SR) [2] . However, a shortage of donors and poor hepatic reserve with liver cirrhosis Ivyspring International Publisher limit the possibilities for LT and SR [3] .
Radiofrequency ablation (RFA) is considered another alternative curative therapy to SR in patients with early HCC, especially in patients with impaired liver function [3, 4] , but the relatively high local tumor progression rate resulting from incomplete ablation or progression of daughter lesions is a negative prognostic factor for patients' survival [5] . The use of transcatheter arterial chemoembolization (TACE) may reduce the local tumor progression rate arising from large ablative tumors due to the decreased blood flow and minimized heat loss; in addition, TACE is effective in diminishing the tumor dissemination [6] . The combination of TACE and RFA (TACE-RFA) has been proved to be comparable with SR in OS prolongation for patients within the Milan criteria (single tumor ≤5 cm in size or ≤3 tumors each ≤3 cm in size, and no macrovascular invasion) [7, 8] , and also led to good results for patients with HCCs exceeding the Milan criteria in many cancer centers [6, 9, 10] . Some oncologists have suggested that patients within the up-to-seven criteria (HCCs with 7 as the sum of the size of the largest tumor [in cm] and the number of tumors) might be eligible for TACE-RFA treatment [11] , while some other researchers have recommended SR for these patients because most of them have resectable disease and the postoperative survival time was promising [12] . The difference between the survival benefits of these two therapeutic modalities remains unclear. Moreover, with the merit of high resolution and without interference of gas released during the procedure, the use of CT guidance in the RFA procedure helps operators to ablate even large tumors with a safety margin greater than that with the widely used ultrasonographic guidance [6, 13] . The aim of this work was to compare the safety and efficacy of TACE in combination with available CT-guided RFA with that of SR in patients with HCC who met the up-to-seven criteria in a large multicenter case-matched study.
Patients and Methods

Patient selection
The study was approved by the ethical committee of our institutions (Sun Yat-sen university cancer center and the third affiliated hospital of Sun Yat-sen university). From our prospectively maintained electronic database from January 2004 to December 2014, we retrospectively enrolled 420 patients according to the predefined eligibility and exclusion criteria. The eligibility criteria were as follows: 1) age 18 to 75 years; 2) an HCC diagnosis confirmed by pathology or diagnosed by dynamic CT or MRI showing intense arterial uptake followed by washout of contrast in the venous-delayed phases to patients with cirrhosis or chronic hepatitis B [2] ; 3) treatment by SR or the combination of TACE and CT-guided RFA as the initial treatment, and suitability for the other treatment modality in a re-evaluation by the researchers; 4) HCC classified within the up-to-seven criteria at the time of the initial treatment; 5) no radiologic evidence of invasion into major portal/hepatic venous branches and no extrahepatic metastases; 6) cirrhosis classified as Child-Pugh class A or B with <25% retention of indocyanine green 15 min after injection. The exclusion criteria were as follows: 1) an Eastern Cooperative Oncology Group performance status of 1 or more; 2) presence of simultaneous malignancies; 3) lost to follow-up; 4) platelet count < 40,000/μL; and 5) an international normalized ratio > 1.5. The patients enrolled were divided into two groups: 214 patients who underwent resection were assigned to the SR group, and another 206 patients treated by TACE plus RFA were included in the TACE-RFA group. The flow chart of patient selection is shown in Figure 1 .
Treatment procedures
The treatment modality of each patient was decided by a HCC multidisciplinary treatment team that included hepatobiliary surgeons, medical oncologists, interventional radiologists, and diagnostic radiologists. For patients with HCC within the up-to-seven criteria, TACE-RFA and SR were the two most common treatment modalities routinely applied at our centers.
The TACE and RFA procedures have been described in previous works [6, 14, 15] . They were performed by three intervention oncologists (M.Z, Z.B.J, C.W), who had more than 10 years of experience with interventional techniques. The TACE procedure was performed in all the patients in the TACE-RFA group by using super-selective catheterization to inject an emulsion of 8-15 ml of lipiodol (Laboratorie Guerbet, ulnay-sous-Bois, France), 40-60 mg of epirubicin (Farmorubicin; Pharmacia, Tokyo, Japan), and 6-10 mg of mitomycin C (Kyowa Hakko Kogyo, Tokyo, Japan), followed by embolization with gelatin sponge particles (Gelfoam; Hangzhou, China) into the tumors. Within 2 weeks (median, 6 days; range, 2-14 days) after TACE, the RFA procedure was performed percutaneously with CT-guidance (Siemens, Munich, Germany). We used a single internally cooled electrode with a 2-or 3-cm active tip chosen according to the tumor size (Cool-Tip, Valleylab, MA, USA or Star RF electrode, Starmed, Gyeonggi-do, Korea) after administration of conscious sedatives and local anesthesia. RFA was then applied with an impedance control algorithm for 10-20 min per RFA application and was targeted to tumors shown in contrast-enhanced CT to achieve an overlapping safety margin of 5-10 mm.
Under general anesthesia, SR was performed by experienced surgeons (4 nonauthors), who had between 13 and 21 years of experience with hepatectomy. An intraoperative ultrasound was routinely used to evaluate the tumor extent, the liver remnant, and the possibility of a negative resection margin. An anatomical resection of the HCC, aiming at a resection margin of at least 10 mm, was performed in the form of segmentectomy and/or subsegmentectomy as described by Makuuchi et al. [16] , that considered tumor extent and hepatic functional reserve.
Follow-up
The follow-up period was defined as the duration from the date of initial treatment until death or the last visit by July 30, 2016. According to the routine follow-up protocol of our centers, 4-phase contrast-enhanced abdominal CT or MRI images were obtained every 2 to 3 months for the first year and every 6 months thereafter. In the TACE-RFA group, up to 2 additional RFA treatments were performed for patients with residual tumor after the initial RFA; the interval between 2 RFA treatments was 1 month. If intrahepatic tumor recurrence or distant metastases were present in both groups at follow-up, subsequent treatments including resection, RFA, TACE, sorafenib, systemic chemotherapy, and best supportive care were applied after discussion by the multidisciplinary teams of each center. Antiviral treatment was routinely performed in patients with hepatitis virus infection.
The main outcome of this study was OS, which was defined as the time interval from the first treatment to the date of death from any cause or to the last visit. Other outcomes included the following: 1) local tumor progression rate, defined as the rate of appearance over follow-up of foci of untreated disease in tumors that were previously considered to be completely ablated or resected; 2) independent prognostic factors associated with OS; 3) treatment-related death and major complication rates (a major complication was defined as an event that led to substantial morbidity and disability, an increase in the level of care, or resulted in a hospital admission or which substantially lengthened the hospital stay [17] ).
Statistical analysis
Statistical analyses were performed by an experienced medical statistician (A.H.L) using SPSS 20.0 software (SPSS, Chicago, IL). The two groups were compared using Student's t test for continuous data and the chi-square test for categorical data. To minimize the potential selection bias, propensity score-matching analyses were generated using binary logistic regression. Independent variables were entered into the propensity model, including sex, age, tumor number, and size, Milan criteria, platelet counts, Child-Pugh classification, hepatitis B surface antigen status, levels of serum a-fetoprotein (AFP), alanine aminotransferase (ALT), albumin (ALB), and total bilirubin (TB). One-to-one matching between the groups was accomplished using the nearest-neighbor matching method (caliper = 0.1). Matched data were analyzed using the paired t test or the Wilcoxon signed-rank test for continuous variables and the McNemar test for categorical variables. Cumulative OS was calculated using the Kaplan-Meier method and was compared using the log-rank test. The independent prognostic factors related to OS were assessed using multivariate Cox proportional hazards regression analysis. All baseline variables listed in Table 1 were included in the univariate analysis, and the variables with statistical significance were analyzed in the multivariate analysis to assess their significance as independent predictors. Statistical tests were two-sided, and P < .05 was considered to indicate a significant difference. 
Results
Study population
All the 420 patients enrolled were diagnosed with HCC within the up-to-seven criteria, and HCC was diagnosed from pathological tests in 362 (86.2%) patients and clinically in 58 (13.8%) patients. Patients' baseline characteristics are summarized in Table 1 . There were no significant differences between the TACE-RFA group and the SR group with regard to age, gender, etiology, tumor number and size, Milan criteria, institution, and levels of serum ALT, ALB and TB. The TACE-RFA group had lower PLT counts (P < 0.001) and poorer Child-Pugh class (P = 0.011) than the SR group, while the SR group had a significantly higher AFP level (P = 0.001) than the TACE-RFA group. In the 103 pairs of patients selected by the propensity score-matching, there was no significant difference in any of the variables listed in Table 1 between the two groups.
Overall survival
The median follow-up period was 60.0 months (range, 8.4-150.0 months) in the SR group and 63.8 months in the TACE-RFA group (range, 11.3-150.0 months). During the study period, 190 patients (88.8%) in the SR group and 184 patients (89.3%) in the TACE-RFA group died. The median OS and the 1-, 3-, and 5-year survival rates were 61.0 months, 94.4%, 83.6% and 49.5% in the SR group and 55.0 months, 95.6%, 80.8% and 40.6% in the TACE-RFA group, respectively. The OS in the SR group was significantly prolonged compared to the TACE-RFA group for all patients (P = 0.004) ( Figure 2a) ; however, in the propensity score-matched cohort, the SR group showed no significant difference in the OS compared to the TACE-RFA group (P = .261). The median OS and the 1-, 3-, and 5-year survival rates were 58.0 months, 96.1%, 86.4% and 46.2% in the SR group and 56.0 months, 96.1%, 76.7% and 41.3% in the TACE-RFA group, respectively (Figure 2b) . Subgroup analyses were performed in different stratification groups, including age, gender, etiology, tumor number and size, Milan criteria, institution, levels of serum albumin, alanine aminotransferase, total bilirubin, and platelets counts. There was no significant difference in the OS between the TACE-RFA group and the SR group in most of the stratification groups above except for the patients with HCC beyond the Milan criteria; the OS of patients with HCC beyond the Milan criteria in the TACE-RFA group was significantly prolonged compared to the SR group (median OS: 52.0 months vs 45.0 months, P = .023) (Figure 3) .
Factors found to be associated with OS in the univariate analysis were Milan criteria (Hazard Ratio (HR) = 1.809, P < 0.001) and tumor size (≤5/>5 cm) (HR = 1.375, P = 0.045). For the multivariate analysis, only the Milan criteria (HR = 2.093, P < 0.001) was analyzed as the independent prognostic factor related to OS (Table 2) .
Technical success and tumor progression
Technical success was achieved in all patients of both the TACE-RFA group and SR group in the matched cohort. A total of 118 RFA sessions were performed in 103 patients. One RFA session was performed in 90 (87.4%) patients, two RFA sessions were performed in 11 (10.7%) patients, and three RFA sessions were performed in 2 (1.9%) patients. In the SR group, anatomical resection was performed in 46 patients (44.7%) including trisegmentectomy, lobectomy, segmentectomy, and subsegmentectomy in 3, 8, 12, and 23 patients, respectively. Nonanatomical resection was performed for the remaining 57 patients (55.3%).
During a median follow-up period of 53.7 months (range, 8.4-150.0 months) in the matched cohort, 79 patients (76.7%) in the SR group and 73 patients (71.9%) in the TACE-RFA group had tumor progression (P = .496). The 1-, 3-, and 5-year tumor progression-free survival rate was 73.8%, 37.2% and 24.4% in the SR group and 77.5%, 34.8% and 20.8% in the TACE-RFA group, respectively. Intrahepatic progression was the most common type of tumor progression, which occurred in 79 and 69 patients from the SR and TACE-RFA groups, respectively (P = 0.414). Among patients with intrahepatic progression, 4 patients after SR and 6 patients after TACE-RFA had local tumor progressions (P = 0.754), while 75 patients in the SR group and 63 patients in the TACE-RFA group had intrahepatic distant progression. Another 2 patients from the SR group and 4 patients from the TACE-RFA group had tumor progression in extrahepatic organs including lungs (SR, 2; TACE-RFA, 3) and lymph nodes (TACE-RFA, 1) (P = 0.436).
Complications
No treatment-related deaths were observed in the two groups. The major complications were liver failure in 1 patient (1.0%) from the SR group and severe myelosuppression in 2 patients (1.9%) from the TACE-RFA group. There was no significant difference in the major complication rate between SR or TACE-RFA (P = 0.561). 
Discussion
Previous studies have reported the local tumor progression rate after RFA alone in early stage HCC as high as 15.2-41.0% over median follow-up periods ranging from 16.0 to 38.0 months [18] [19] [20] . In comparison, the local tumor progression rates after TACE-RFA have generally been lower than those of RFA alone, with previously published rates of 2.9%-14.5% over median follow-up periods ranging from 37.0-50.0 months [7, 20, 21] . In our study, for patients within the up-to-seven criteria, the local tumor progression rate of 5.8% (6/103) after TACE-RFA was comparable with previous reports, and there was no significant difference from the rate after SR. Treatment with TACE in combination with CT-guided RFA may improve local tumor control via several mechanisms. First, performing TACE before RFA could reduce the viable tumor volume and decrease the "heat-sink" effect, and thus facilitate to obtain a safety ablation margin for large tumors [8, 21] . Second, digital subtraction angiography during the TACE procedure might be helpful in detecting possible micro-satellite lesions and intrahepatic micro-metastases, and moreover, TACE has been shown to be effective in controlling these micro-tumors because of the long-term anti-cancer drug release in the liver [6, 22] . Third, the use of CT-guidance during ablation in particular could show post-TACE lipiodol deposition clearly, and thus improve accurate tumor positioning and allow an ablation safety margin while maintaining the greatest liver parenchymal salvage. Under high-resolution CT-guidance, operators could accurately use overlapping techniques for large tumors, which might achieve similar effects to the no-touch multibipolar RFA [23] . Thus, our results confirmed that combined TACE and CT-guided RFA could reduce the local tumor progression rate in patients with small or medium-sized HCCs.
In this study, the probabilities of OS at 1, 3, and 5 years in patients with HCC within the up-to-seven criteria were similar between the TACE-RFA and SR groups (96.1%, 76.7% and 41.3% versus 96.1%, 86.4% and 46.2%, respectively). Our result confirmed the conclusion of some previous studies that TACE-RFA confers a comparable OS with SR [8, 21] ; in addition, as these studies enrolled patients with HCC within the Milan criteria, our study compared these 2 treatments in a larger population for the first time.
The 5-year OS rate of our patients was a little lower than that of patients with early stage HCC who underwent TACE-RFA or SR, which were as high as 58%-75% and 56%-81%, respectively [8, 21] . The main reason might be the difference in patients' tumor stage; about 35% of our enrolled patients have HCC beyond the Milan criteria, and they have relatively lower OS than those within the Milan criteria. This was in accordance with our result from multivariate analysis, which indicated that HCC exceeding the Milan criteria was the only poor prognostic factor related to OS. In our study, a set of patients with HCC beyond the Milan criteria but not exceeding the up-to-seven criteria had relatively lower tumor burden and were classified as BCLC B1 stage of HCC as described by Bolondi and his colleagues [11] . As the standard care, TACE alone conferred a modest complete tumor necrosis rate and survival benefit, while these patients were latent for curative therapy. Some studies have shown that aggressive SR could provide longer OS than TACE alone for resectable HCC patients beyond the Milan criteria (BCLC B stage) [24, 25] . Similarly, TACE-RFA has been reported to have a superior survival benefit to TACE or RFA alone in some patients with BCLC B stage HCC [22] . We observed that TACE-RFA confers longer OS than that after SR in our patients. The potential reason might be as follows: First, for single large or multifocal HCCs, the risk of intrahepatic metastasis was significantly higher than that of small HCCs, and treatment with TACE seems superior to SR in marking and inactivating the undetected intrahepatic metastasis [26] . Second, TACE-RFA treatment could diminish liver damage caused by repeated TACE, because only one TACE per patient was needed. Third, for multifocal HCCs or HCCs located deep in the liver, SR seemed to be inferior to TACE-RFA because more normal liver needed to be removed, and therefore there was more liver storage loss [27] . Our finding supported the proposal of an intermediate HCC subclassification, which recommended TACE-RFA for the treatment of patients with HCC patients within the up-to-seven criteria [11] .
In our study, there were no treatment-related deaths, and the major complication rates in both treatment groups were low (1.0% and 1.9% in the SR and TACE-RFA groups, respectively). Our results were similar to previous reports of early HCC treated with TACE-RFA and SR, which have major complications rates of 0%-2.2% and 0%-3.2%, respectively [7, 21] . All these studies confirmed the safety of both SR and TACE-RFA.
There are a few potential limitations of this study. Because of its retrospective nature and relatively small sample size, our study is subject to selection biases. In addition, it is clear that for tumors larger than 3 cm, there is a benefit from combination therapy, but it is not clear whether adding TACE to RFA is really beneficial for tumors smaller than 3 cm [28] .
Conclusion
Our study indicated that TACE combined with CT-guided RFA is safe and may confer an OS rate comparable with that of SR for patients with HCC within the up-to-seven criteria. TACE and CT-guided RFA might provide a longer OS than SR for HCC patients between the Milan criteria and the up-to-seven criteria. Although these findings should be confirmed in prospective randomized controlled trials, our analyses suggest that TACE-RFA may be considered an alternative treatment modality when SR is not feasible.
